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In contrast, brannockite analyzed from the type locality in the late hydrothermal zone of the Li-Sn-rich pegmatite of the Foote Mine, Kings Mountain, North Carolina, USA exhibits near end-member composition with only minor Na þ , Al
Introduction
The milarite-group minerals have the general formula A 2 B 2 CD[(T2) 3 (T1) 12 O 30 ](H 2 O) x and space group P6/mcc. Many of the more than 25 species have only been discovered in the last few decades. The structure consists of [Si 12 O 30 ] six-membered double rings that are linked by tetrahedrally coordinated cations at the T2 site, and octahedrally coordinated cations at the A site. Stacking in the c-direction forms the C-site with 12-coordinated cations between the double rings (Forbes et al., 1972; Č erny et al., 1980; Armbruster & Oberhänsli, 1988a; Hawthorne et al., 1991) . The milarites exhibit large compositional variations at the T2 site with, e.g., Li, Be, B, Mg, Al, Si, Mn, Fe 2þ , Fe 3þ , and Zn, and at the A-site with Al, Fe 3þ , Sn 4þ , Fe 2þ , Mg, Zr, Ca, Na, Y, REE, Sc, and others (Sokolova et al., 2000; Hawthorne, 2002) . The associated large variations in cation radii can be accommodated by low-energy distortions of edge-linked (T2)O 4 tetrahedra adjusting to predominantly regular AO 6 octahedra of variable size depending on the type of A-site cation. The resulting variations in site occupancy, coupled T2 and A-site polyhedral distortions, and end-member definition are of ongoing interest (Hawthorne, 2002; Geiger, 2009; Geiger & Grodzicki, 2012) . Table 1 shows the end-member composition and ideal site occupancies of the known Li-bearing milarite-group minerals. Brannockite, ideally KSn 2 Li 3 Si 12 O 30 , was described by White et al. (1973) from Li-Sn rich pegmatites of the Foote Mine, Kings Mountain, North Carolina, USA, and its structure refined by Armbruster & Oberhänsli (1988b) . Closely related to brannockite, are the corresponding Zr end-member sogdianite KLi 3 Zr 2 [Si 12 O 30 ] (Dusmatov et al., 1968; Boggs, 1984; Cooper et al., 1999; Sokolova et al., 2000) (Semenov et al., 1975; Ferraris et al., 1999) in end-member composition with Zn 2 Li in T2-site is charge balancing the divalent A-site with two Na þ on the B-site (Hawthorne, 2002 & Pautov, 1995; Pautov et al., 1996) .
Here we investigate the crystal chemistry of brannockite, which we recently identified in the alkaline granite of the Golden Horn Batholith, near Liberty Bell/Washington Pass, Washington State, USA, as the first analysis of brannockite from outside the type locality. We provide a chemical and structural analysis and comparison of brannockite from the two different geological settings. In addition, we study the relationship of trace-element composition between brannockite, sogdianite and zektzerite from the Washington Pass locality. These results add to the understanding of the complex crystal-chemical and structural relationships within the milarite-group minerals.
Occurrence and geological setting
Brannockite has previously only been described from the type locality at the Foote Mine (White et al., 1973) . The Foote Mine, located in the tin-spodumene belt of North and South Carolina, is one of several Li-bearing granite pegmatites (quartz-microcline-spodumene pegmatite) of Mississippian age ($340 Ma), intruded into the Cherryville quartz monzonite, schist, and amphibolite (e.g. White, 1981; Horton, 2008; Swanson, 2012) . The pegmatite is generally unzoned and characterized by the absence of primary hydrous phases. It consists predominantly of primary microcline, quartz, and spodumene ($ 20 vol%) with accessory amounts of beryl, Mn-bearing fluorapatite, triphylite (LiFePO 4 ), and cassiterite.
In joints and under secondary hydrothermal influence, the mobilization of primary minerals gave rise to a solution enriched in Li, Be, K, Na, Mn, P, and Sn (Brown, 1982 The Golden Horn Batholith is a shallow peralkaline granitic intrusion of Eocene age (47-50 Ma) in the crystalline core of the North Cascades Mountains in Washington State (Misch, 1966; Stull, 1969; Boggs, 1984) . There are chiefly four phases of granite intrusion in the batholith: a peralkaline arfvedsonite granite, a less alkaline transitional ''border granite'', and two different types of biotite granites (Boggs, 1984 (Dusmatov et al., 1968; Cooper et al., 1999; Pautov et al., 2000; Sokolova et al., 2000) and the related tuhualite-group mineral zektzerite LiNa(Zr,Ti,Hf)[Si 6 O 15 ] (Dunn et al., 1977; Boggs, 1984) . Both minerals are in part rock forming, but also occur in miarolitic cavities as euhedral crystals up to several cm in size. In contrast to the Foote Mine, the Golden Horn Batholith is poor in beryllium minerals with only genthelvite Zn 4 Be 3 (SiO 4 ) 3 S and gadolinite group (Y,REE) 2 FeBe 2 Si 2 O 10 minerals having been identified. The Golden Horn brannockite described here was found in the early 1990's in a single miarolitic cavity (ca. 12 cm in diameter) in a talus boulder below Liberty Bell Mountain, close to Washington Pass. The host rock is an annite-bearing granite found within the transitional peralkaline ''border granite'' phase of the Golden Horn Batholith. The rock adjacent to the cavity has a graphic granite texture composed of white microcline, minor colorless quartz, and altered annite. Amphiboles are not present in the cavity or in the immediately surrounding rock. Within the cavity, brannockite occurs as aggregates up to 2 mm in diameter of hexagonal crystals (Fig. 1a) on microcline. The brannockite crystals are partially coated with an unidentified clay mineral and chlorite-group mineral. Associated with the brannockite in the cavity are gadolinite-(Y) and kainosite-(Y).
Physical properties
Under short-wave UV light the Golden Horn brannockite crystals fluoresce pale yellow, similar to zektzerite and sogdianite. The crystals exhibit a simple morphology, with a dominant basal pinacoid {0001} and prisms {10 " 10} (Fig. 1a, inset) .
The Foote Mine brannockite studied for comparison was selected from euhedral crystals, occurring on a matrix containing quartz, albite, and mica. In contrast to the brannockite found at Liberty Bell/Washington Pass, the Foote (1) White et al. (1973) and Armbruster & Oberhänsli (1988b) . (2) Dusmatov et al. (1968) , Boggs (1984) , Cooper et al. (1999) , and Sokolova et al. (2000) . (3) Pautov et al. (1997) . (4) Armbruster & Oberhänsli (1988b) . (5) Semenov et al. (1975) and Ferraris et al. (1999) .
Mine crystals fluoresce blue-white under short-wave UV light. The crystals occur as thin hexagonal plates (Fig. 1b) , with a dominant basal pinacoid {0001}, small prisms {10 " 10} and {11 " 20} and a beveling dipyramid {11 " 24} ( Fig. 1c ).
Material and analytical methods
Three different individual brannockite crystal grains from the Washington Pass locality, labeled #1, #2, and #3, were selected, mounted in arbitrary orientation, and polished for electron microprobe (EMP) analysis. For comparison, one sogdianite and one zektzerite crystal from Washington Pass were prepared and analyzed under the same conditions. Nineteen quantitative analyses at different sample locations were obtained on crystal #1. Two brannockite crystals from the Foote Mine were analyzed, oriented parallel and perpendicular to the c-axis. A total of 30 analyses were obtained from the two Foote Mine samples. For X-ray diffraction and structure refinement, a fragment was taken from crystal #1 (#1) as well as one additional crystal #4 from the Washington Pass locality. Polarized micro-Raman spectroscopy on polished sections and oriented crystals for both Foote Mine and Washington Pass brannockite reflect the characteristic optical phonon modes, the hexagonal crystal symmetry, and the absence of H 2 O or bound OH groups (spectra in Fig. S1 , freely available online as Supplementary Material linked to this article on the GSW website of the journal: http://eurjmin.geoscienceworld.org/). Wavelength-dispersive compositional maps and quantitative microanalyses were obtained on a JEOL JXA-8600 electron microprobe (University of Colorado). Analytical conditions were 15 kV and 20 nA with a 5 mm beam diameter. Natural and synthetic standards were used (for details see Supplementary Material). The ZAF matrix correction from Armstrong (1988) was applied throughout. The Li-content was recalculated on a stoichiometric basis, assuming 3 Li and 30 O atoms per formula unit (apfu). All iron was assumed to be ferric as suggested by Mössbauer spectroscopy in the related milarite-group minerals sogdianite (Geiger & Grodzicki, 2012) and sugilite (Geiger, 2009) .
For X-ray intensity measurement and unit-cell refinements a crystal fragment #1 from the grain mount of sample #1 was retrieved after completion of the microprobe analysis (Fig. 2a , dotted area) with approximate size 100 Â 150 Â 30 mm 3 (crystal #1). One additional single crystal of irregular shape measuring about 50 Â 50 Â 50 mm 3 (crystal #4), was selected for comparison. Single-crystal X-ray diffraction data were acquired on a Bruker P4 four-circle diffractometer (University of Colorado) equipped with a point detector, an APEX II CCD detector, and a rotating Mo-anode generator operating at 50 kV and 250 mA. Unit-cell parameters were (b) ). Symbols refer to analysis points in Table 2 . Yellow dotted area in (a) indicates region of sample #1 retrieved for XRD analysis. (online version in colour) refined from centering angles for 30 strong reflections with 10 , 2y ,30 each in both positive and negative 2y regions using the point-detector. Data collection parameters are listed in Table 3 . For the refinement of atom positions, anisotropic displacement parameters, and site occupancies, the program SHELXL-97 (Sheldrick, 2008) was used.
Results

Chemical composition
All three crystals from Liberty Bell/Washington Pass are compositionally zoned. Figure 2a shows a backscatteredelectron image of crystal #1, exhibiting a core of lower average Z compared to the rim. Oscillatory zoning is observed throughout. A similar zonation is observed for crystals #2 and #3 (data not shown). Figure 2b -e shows compositional element maps (not background-corrected) for Na, Zr, Al, and Fe. Figure 2f shows a line trace of element variation for the area marked by the dashed inset in (b), averaged along the trend of constant concentration (AE x of counts in arbitrary units). There is a positive correlation of Fe and Na, and a negative correlation of Zr with Al, Fe and Na. Table 2 gives the compositional range for crystal #1, with similar results for crystals #2 and #3. The composition of crystal fragment #1 used for XRD analysis is The Foote Mine crystal shows only minor compositional variation (Table 2 ) and a composition close to end-member brannockite. Table 2 also shows averaged analyses of sogdianite and zektzerite crystals from Washington Pass. Sogdianite contains significant amount of Sn, Hf, Ti and minor amount of Na, Fe and Al. Zektzerite also contains significant Ti, Hf, Sn, Fe and Al.
Crystallography and structure refinement
The intensity data collection parameters and refined unitcell parameters are given in Table 3 . Selected bond distances derived from refinements using neutral-atom scattering factors are shown in Table 4 (for further details and atomic position coordinates and anisotropic displacement parameters, see Supplement, Table S1 ). The derived crystal structure is shown in Fig. 3 with its edge-linked distorted tetrahedral Li(T2) and regular octahedral Sn(A) sites, as well as the K(C), and vacant B sites.
Discussion
The large T2 tetrahedron (Li-O: 1.93 Å ) shows strong angular distortion as a result of the small but regular A octahedron (Fig. 3) . The associated strain is readily accommodated by the weak bonding of the LiO 4 tetrahedron, with an electrostatic bond strength of only 0.25 valence unit following Pauling's rule. This is in contrast to 0.67 valence unit for the edge-bonded A-site octahedron, thus preferring a regular shape (Geiger, 2009 , sum to 1.96-2.04 (average 1.99(2)) for the Washington Pass, and 1.88-2.01 (average 1.95(3)) for the Foote Mine samples (Table 2 ). This suggests full occupancy of the A site. The close to ideal 12 Si apfu of the Washington Pass brannockite indicates exclusive occupancy of the T1 site with Si.
The total Na-content in Washington Pass brannockite stands out with a large spatial variation ranging from 0.03 to 0.20 apfu. The sum of alkalis ranges from 1.00 to 1.04 (average 1.02(1) apfu) for the Foote Mine analyses and 1.04-1.24 (average 1.13(6) apfu) for the Washington Pass sample. This suggests that the large C-site between the double-ring units is fully occupied by K and that excess alkali, especially Na, may occupy the B vacancy site, as discussed below.
Coupled cationic substitution
The ideal brannockite structure only contains mono-and tetravalent cations. To accommodate the trivalent cations Fe 3þ and Al 3þ , a coupled substitution is required. The variation of (Al Fig. 2(b-e) . * based on ideal stoichiometry. n.a.: not applicable, vac.: vacancy. Table 3 . Crystal structure refinement data for brannockite from Washington Pass (#1 and #4) compared to data from Foote Mine (Armbruster & Oberhänsli, 1988b Armbruster & Oberhänsli, 1988b. b Unit-cell refinement obtained from point-detector data.
c Using neutral-atom scattering factors. small offset of 0.005 (Fig. 4a) , suggesting the coupled substitution:
, are correlated with a slope of -1.982(12) (R 2 ¼ 1.00) and intercept at 2.00(17) (Fig. 4b) . This inverse correlation is in excellent agreement with the ideal slope of -2 implied by eq. (1), and X 4þ ¼ 14 for the maximum occupancy of T1(12) þ A(2). It suggests that the coupled exchange reaction (1) fully captures the relevant trivalent and tetravalent cation substitution. Fig. 4c ). Despite the small amounts of Mn or Mg, neglecting either the excess of Si or Mn þ Mg results in a less-well defined correlation. This suggests complete occupancy of the A-site by all 2 þ , 3þ and 4þ cations.
The presence of Fe 2þ might involve a coupledsubstitution
(Na,K). However, this substitution would imply a deviation from the correlation between trivalent and monovalent cations (Fig. 4a) . This suggests that such a substitution is unlikely in the studied brannockite and provides indirect support that Fe is primarily trivalent.
Site occupancies
The results of the site-scattering refinements for the XRD data for crystals #1 and #4 are shown in Table 5 . The resulting A-site scattering electrons per formula unit (epfu) is in good agreement with the site population derived from EMP analysis and assignment of all 3þ and 4þ cations to that site. A small B occupancy would agree with the expectation from the coupled substitution and resulting stoichiometric correlations discussed above. Figure 5 compares the composition of brannockite from Washington Pass and Foote Mine, with the Washington Pass sogdianite sample, and the range of reported sogdianite analyses from Washington Pass (Boggs, 1984 ) and the alkaline Dara-i-Pioz massif in northern Tajikistan (Dusmatov et al., 1968; Cooper et al., 1999; Pautov et al., 2000; Sokolova et al., 2000) . Interestingly, the Foote Mine brannockite analyzed here exhibits nearly end-member composition, in contrast to the type specimen from White et al. (1973) 
End-member relationships
brannockite, on the basis of electron-microprobe and flame-photometry analysis.
Our analyzed sogdianite represents the first reported sogdianite containing Sn from Washington Pass, and is low in Ti. This is in contrast to earlier sogdianite analyses (Boggs, 1984) , although it is unknown whether Boggs (1984) analyzed for Sn. The analyzed zektzerite also contains appreciable Sn, in contrast to earlier results (Dunn et al., 1977; Boggs, 1984) .
The substitution of Sn 4þ in brannockite by trivalent cations and the corresponding occupancy of the B-site by (Armbruster & Oberhänsli, 1988b) (Table 1) .
The EMP analyses of the three brannockite samples from Washington Pass show that they all have a core enriched in Zr and depleted in Na þ Fe compared to the rim, indicating a change in the composition or temperature of the fluid crystallizing brannockite. Alternatively, the formation of another mineral in the cavity at this point could be responsible for this compositional change. Zircon, which is a common secondary phase in the cavities in Washington Pass, would preferentially partition all available zirconium in its structure, depleting the Zr-content in the co-existing brannockite.
At the Foote Mine pegmatites both Li and Sn are readily available with the presence of spodumene and cassiterite, respectively. In contrast, at Washington Pass there are no obvious Sn-minerals. Yet the Sn in at least some sogdianite and zektzerite suggests its wider presence than previously assumed. Both zektzerite and sogdianite occur as primary phases, and both commonly exhibit corroded crystal faces. This suggests that the alteration of these minerals can be a source for both Li and Sn for forming brannockite.
Structural relationships within the milarite group
The ,A-O. and ,T2-O. bond distances were found to scale linearly with the ion radii ,r A . and ,r T2 ., respectively (Hawthorne et al., 1991; Ferraris et al., 1999; Sokolova et al., 2000;  for details see Supplementary Material). For brannockite, a slight deviation from the linear correlation was found based on structure data of Armbruster & Oberhänsli (1988b) for Foote Mine brannockite, which we identify as likely corresponding to endmember composition. Hawthorne et al. (1991) suggested the unoccupied B site to be responsible for this deviation. Sugilite, with Li in T2 and B-site partially occupied by Na, does not deviate from the linear relationship (Armbruster & Oberhänsli, 1988b) . A reduced deviation is observed for Washington Pass brannockite #1, with #4 in even perfect agreement with the relationship above, which correlates with the trend of a small but increasing B-site occupation PrePub Article Crystal chemistry of brannockite: a new occurrencefrom #1 to #4. Alternatively, however, the possible presence of some minor amount of Al 3þ on T2 could result in a smaller average radius bringing the ,T2-O. distance closer to the main trend.
The large compositional variability of milarite-group minerals is a result of the several crystallographic sites covering a wide range of size and coordination number. Therefore, small (e.g., Be, B), large (e.g., K, Na), monovalent (e.g., Na, Li), or tetravalent (e.g., Si, Sn) cations can be accommodated. This accommodation involves lattice distortion that can be correlated with site occupancy, ion radius and bond-strength ratio, especially on the A, B and T2 sites.
The analysis of structural correlations within the milarite group has long been of interest (e.g., Forbes et al., 1972; Č erny et al., 1980; Armbruster & Oberhänsli, 1988b; Hawthorne et al., 1991; Ferraris et al., 1999; Sokolova et al., 2000; Lengauer et al., 2009; Bojar et al., 2011) . The detailed chemical and structural analysis of brannockite as one additional member may help to address the overarching question on the origin of the unusually large chemical variability of the milarite structure type compared to other mineral groups.
In summary, the present study with the identification of multivalent substitutions in brannockite confirms end-member relationships of related milarite-group minerals. It reinforces previous conclusions regarding the role of B-site occupancy in the reduction of distortion on the A-site related to lower bond-strength ratio A/T2, similar to the conclusion drawn for sugilite (Armbruster & Oberhänsli, 1988b) .
